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ABSTRACT 

In many aerodynamic configurations a blunt nose must be used. This 
causes the aerodynamic drag to be large, especially at supersonic speeds. It 
was previously proposed that the drag of a blunt nose body be reduced by means 
of a spike. Some results on basic configurations at well defined flow conditions 
are available [16 - 321 but there :o less information on effects of the spike on 
the stability and on general design criteria using a spike. 

The objectives of this investigation were as follows: 

1. Drag reduction measurement for blunt nosed bodies as a function of 
spike length. 

2. Determination of optimal spike lengths for supersonic Mach numbers. 

3. Determination of spike's influence of the flow field, 

4, Determination of spike's effect on the stability and lift of the bhnt 
nosed body. 

5, Reynolds and Mach numbers effects. 

6. Development of a semiempirical method to evalu.nte the optimal spike 
lengt h, 

The experiments were carried out in the supersonic No, 7 tunnel at the 
Technion at Mach numbers of 1.5 and 2.25. The configuration chosen was a 
1.5 fineness ratio nose and a hemispherical nose. 

The following conclusions are obtained : 

1. It is possible to reduce tho drag of blunt nosed configurations by means 
of a spike at zero anglo of attack by about 15% - 30%. 

2, The relation between the spike length to nose radius is the most impor- 
tant parameter and governs the reduction of the body's drag. 



3. The drag reduction that is obtained at zero angle of attack decreases 
with increasing angle of attack and disappears for an angle of 15". 

4. The blunt body's stability is not ffspoiledtf after the adation of the spike. 
In most cases it is improved. 

5. The critical length of a spike is deterrriined from the following relation: 

where 

e - u c t a n  f9.44a2 - ~ ) o ~ o M 7 ~ ~ e ~ ~ 9 2  - 0.012 M) I 1/1.49 
C 



CHAPTER 1 

DRAG AND STABILITY OF BLUNT BODIES 
IN SUPERSONIC FLOW 

It is known ;nat imrrowing a d  sharpening a blunt nose body decreases i t s  
drag. The aerodynamic designer wants to stay as  close as possible to the elon- 
gated nose shape, because of i ts  low drag. But in certain configurations there 
is a need for blunt nose bodies and for these there are  two factors that influence 
and determine the value of the drag coefficient: 

a. Shape - Ratio of nose radius to base radius. 
b. Mach number - which decides the pressure jump across the detached 

shock wave and therefore also the pressure distribution of the body. 

These two factors are assessed by two graphs taken from [I, 21. The first 
shows how the drag coe-fcicient varies as a function of the Mach number for the dif- 
ferent nose b d y  shapes, from a truncated cylinder to a parabolic peak of fineness 

If - ratio - - 8. R 

It is evident from the graph that for these bodies the resistance of the drag 
coefficient increases with rising Mach number. For example, for a hemisphe- 
rical shape, the drag coefficient is 0.67 at M = 1.5 and 0.80 at M = 2.25. The 
second graph shows the drag coefficient as a function of ratio m/r for r = 2.72. 

It can be seen from the graph that C,, is not affected at low r / r ,  but increases 

greatly at higher rn/r. The problem of drag and the pressure distribution are 

discussed [3 - 151, which results were used for comparison with the author's 
tests. 

If the length of the body is determined from previous considerations and the 
location of the center of gravity is also fixed, then blunt nose body causes a 
forward displacement of the center of --eesure relative to the center of gravity, 
This creates a great pitching moment.  herefo fore in certain configurations a 
blunt nose body will cause drag as we11 as  stability pr~hlems.  



It was suggested some 15 years ago that drag on a blunt nose body can be /8 - 
reduced without impairing its st~bility and without interfering with the system 
it serves (e. g. homing head) by usicg a spike protruding from the center of the 
blunt shape. 



CHAPTER 2 

REVIEW OF PROPERTIES OF SPIKED BLUNT BODIES 

2.1. Survey 

The first studies concerning this subject were published by Moeckel in 
1951 [15, 161. Soon afterwards an extensive work started in this field in order 
to improve the drag performance of blunt configurations [17 - 231. Moeckel 
attempted to solve the problem theoretically but his results do not agree with 
experimental data. 

The other studies were experimental, like those of Mair, Jones and Stalder 
[19, 12, 181. Mair used a hemisphere and a truncated cylinder (M = 1.96). 
Jones explored a cone terminating in a hemisphere (M = 2.72) and Stalder 
studied a hemisphere at M = 1.75 and M = 2.67. Concurrently the spike tech- 
nique has been employed in the United Kingdom to solve problems in diffusers. 
This was done by Beastall and Turner who tested truncated cylinders of Mach 
numbers : 1.5, 1.6, 1.8 [20 1. A l l  the above experiments were performed at a 
zero angle of attack. Only later have other angles of attack been tried. 

Hunt in the U. K. has examined a body similar to a hemisphere at Mach 
numbers 1.16, 1.8 1 and Kawasaki, Kawamoto and Shimizu in Japan ran experi- 
ments with a hemisphere and a truncated cylinder at Mach numbers of 2.5, 2.9, 
3.8 [21, 231. Lately Robinson came up with the technique of a spiked truncated 
cylinder to represent a parachute with zero porosity to solve the groblem of 
parachute instability in the supersonic range. 

Aerodynamic problems arising in conjunction with space flight and, in par- 
ticular, with the re-entry pyoblem, have induced several scientists concerned 
with hypersonic flow to consider spikes as a solutioa of heat-tranefer problems 
[24 - 311. 

2.2. Difficulties in the Use of h i k e s  for Minimal Drae 

It has been found that a spiked termination of a blunt nose shape is accom- 
panied by the following flow modifications: 



a. For the same incoming flow conditions different flow fields are obtained 
at the spike shoulder a s  compared with a spike-less body. 

b. Unsteady de t a~hrn~n t  zones in the vicinity of the spike produce pressure 
and heat transfer f1uc;tuations at the nose. 

c. Pressure 1.ystercsis is a problem due to Mach number fluctuation of 
the incoming flow. 

d. Attaching a e i ~ 9  increases the sensitivity of the pressure distribution, 
and of the drag a\\d heat transfer with changes in angle of attack. Another diffi- 
culty of the lack of a the(-ry o r  method of determining the optimal spike length 
and the range in wI:ic!* it is of advantage to use it  in aerodynamic design. 

2.3. Applications [32] 

In the United States, spikes in blunt bodies have lately been used for differ- 
ent purposes in the supersonic and hypersonic regions. For example: 

a. Use of spikes in hypersonic rocket tracks It is evident that at subsonic 
speeds the spike does not affect the drag of a blunt body, and that at high super- 
sonic speeds its drag resemblc~  that o f a  slender body; It is also c lear  that-the 
spike weights less than a cone of comparable drag. 

b. In the rocket used to orbit the Mercury space capsule This rocket has 
a blunt nose. A spike has been placed on it in order to lessen its drag in the 
supersonic and in the hypersonic ranges. 

c. Arapaho "CW Test Vehicle ,i spike was used for improving the static 
stability at hyper- and supersonic velocities. 



CHAPTER 3 

THE TEST EQUIPMENT 

1 

, 3.1. The Supersonic Wind Tunnel 

A l l  tests have been performed in the No. 7 wind tunnel at the Technion. 
This is a blow-down supersonic tunnel. The Mach number is adjusted by re- 
placing of fixed cross-section nozzles. The description of the tunnel and its 
dimensions are  given in Fig. 3 and general view in Fig. 5, 

A i r  is supplied from a compressed air  central system. The stagnation 
pressure is set by adjusting the supply valve. The test chamber cross section 
is 30 x 30 cm2. The general view of the test cell and of the nozzles is given in 
sketch No. 4. 

The stagnation temperature in the test chamber is about 0°C and cannot be 
directly adjusted since it depends on the compressed-air temperature and on 
the pressllre drops across the control valve but the changes in the stagnation 
temperature are relatively small for short duration tests. 

The angle of attack is determined by rotating of the model around the test 
chamber center in the -7ertical plane. The range of attack angles was, in our 
case, from -5' to + 15'. A detailed description of the system is to be found in 
the "User's Manual" (see [33]). 

3 . 2 Instrume~~tation and Testing System 

3.2.1. Scales - 
Scales 3CLMD2 were used. They are capable of measuring the Uft and drag 

and the pitching moment in the following ranges: 

a. L* max = 30 kg. 

M* = 60 kg-cm, max 



These scales are not temperature compensated, which caused hysteresis 
problems. 

3.2.2. Auxiliary Instrumentation (see illustration No. 6) 

We used a stroboscope for concurrent pulse transmission to the recording 
system and to the camera. The stagnation pressure being known, the Re number 
can be deduced for each photo. The flashing rate was 1 pulse/sec. This method 
is necessary, in particular, for tests m?th changing stagnation pressure. 

3.3. The Models 

3.3.1. Design of Models 

The following factors were taken into account in designing of the models: 

a. Maximum forces on scales. The models were desip.ed after the scales 
were selected (see paragraph 4.2) and their maximum force and moment capac- 
ity was determined. The blunt-model drag was used as a basis in drag design 
of the other models. 

b. The Length of the bod . The length of the model was SL determined 
that a part of its head an in? t e spike would always appear in the window to allow - /13 
for proper photographs to be taken. 

c. Reynoldls number. The Reynold's number was checked to determine 
conformance to our requirements. 

3.3.2. Description of Models. The models are described in Fig. 7. They are 
made of aluminum and comprise a nose body, (one ogive-shaped, the other 
hemispherical) and of a rear cylindrical body with outside diameter D = 28 mm 
(Fig. 8). In the inside of the rear cylinder, an insert of insulating material 
(Durestos) was installed for shielding the scales from temperature changes. 
The nose body can be equipped with a variable length (L) spike. 

The spike is also made of aluminum. The ratio of spike's diameter to 
body's diameter was 1/16 and the vertex angle of the spike was 20". 

The blunt nose body configmations tested differed by the l;/D ratio of their 
spikes. The following L b  ratios were used: 

TAGLE 1. Configuration Designlitions 

Configuration 
designation 

000 
005 
0 10 
015 
020 



3.4. Data Processing 

The electrical readings are automatically recorded on a digital magnetic 
:ape and also on analog recorders. 

Data processing computation of aerodynamic coefficients was carried out 
with an Elliot 503 computer. The average gradients and zero lift angle were 
computed by the method of least squares and the program included corrections 
for the weight of the model and the deflections of the scales. 

3.5. Photography 

Schlieren and shadow photography was used. Three movie cameras 
(Ariflex special, Mller and standard Ariflex) were operated at 24 fps to 80 fps. 
Static photos were also taken, both ordinary and Polaroid. The methods and 
the equipment varied according to needs. Somz tests were filmed by the color 
Schlieren method. 

These photos were the only means used to interpret variations in the flow 
pattern and phenomena of high relative frequency. 

3.6. List of Tests 

Below is a list of tests performed and u;ed for quantitative assessments 
(forces and moments) as well as for qualitative examinations of the flow pattern, 
etc. 

TABLE 2. List of Tests 

r 

CI 

.oe 
O0 

0 O 

O0 

oO 

R e  (lfcmr 
Configu- Run 

Mach 1 
3.9 x l o 5  H 35 

7.2 x loS H 00 645 1 11 

6.1 x 1 0 5 - ' 1 n ~ ~ 4 . 0 6 )  020 645 11 

6.5 x 1 0 ~ 1 . 0 8 ~ 1 0 6 1  

7.7 x l o 6 - 1 . 0 8 ~ 1 0 ~ 1  015 048 tl 

1 
0' 5 %  105.b 1.15 x 106( COO 649 )I 

3 x l o s  - 5 x lo5  I 005 

8.2 x l o 5  -. 1 . 1 8 ~ 1 0 ~  1 01 0 

3.3 x 10 000 - - 

,650 1 t I 

651 

722 

2.22 
tt 



TABLE 2. Lists of Tests (Contd.) 

I !  

Re (l/cm) 
Configu- Run 
ration No. Mach 

3.7.  Accuracy 

The error for each coefficient is  glven as a numerical increment for each 
coefficient and not as percentage. 

Correctiom due to temperature changes were not made. 

Error 

* 0.01 

& 0.075 

& 0.150 

Coeffi dent 

C~ 

C~ 

C~ 



CHAPTER 4 

FLOW AT ZERO ANGLE OF ATTACK 

4.1. Flow Pattern 

When there is no spike, or  when the spike is very short, there is a strong 
detached shock wave ahead of the nose body, When the spike's length is in- 
creased until it comes into contact with the detached shock, the latter becomes 
a conical wave attached to the spike's tip. The conical wave is followed by a 
conical Cow which borders with a mixing layer serving as  the boundary af a 
standing water zone around the spike (see sketch A). 

I 
Shock waves - 

1 I 

,!4,+------ 
'71 r I 

Mixing layer / I-:-- / 

---LA=- 
Conic flow 

from 
spike tip 

Expansion 

i \ \. 

SHORT SPIKE 



Increasing the spike's length up to i ts  critical value elongates the mixing 
zone (between the conical flow and the standing water). It is evident from the 
i.ests that a s  the mixing zone becomes longer, the nose "detached wave becomes 
weaker. The conical flow becomes progressively smaller until a certain angle 
is reached (see sketch B) at which the conical flow's origin moves to the spike ' s 
shoulders. 

Shock waves / a  / 

4 
/ 

Detached from 
.- - - - -  

spike1 s shoulder 

Sketch B \\ 

Spike Somewhat Shorter than Critical Length 

The boundary layer that becomes detached froin the shoulder forms the 
edge of the conic flow. The separated boundary layer does not come into total 
contact with the blunt body (nose), which causes a shock vvave to appear where 
the boundary layer swings around the nose. The detached shear layer servers 
as  a mixing region between the conical flow and the standing-water zone. 

When the spike exceeds a certai:~ length (calied critical) the separation 
point does not remain on the cpikels shoulder, but suddenly jumps downstmarr 
(see sketch C). 

At certain Mach and Reynolds numbers this separation is unstable and the 
separation point moves back and forth between the spike's shoulder and some 
point on the spike's surface (see Fig. 9). 

Apparently this continuous shifting of tha separation point is due to the fact /I8 - 
that the separated boundmy layer is still laminar at the spike, but as soon as it 
becomes turbulent before it reaches the separation zone, the shifting stops. 

- 
"nose is used to distinguish from epike 



Shock waves 

\' -\ \ Sketch C .* 
\ 
\ '. 

W R Y  LONG SPIKE 

When the layer is laminar at the separation point, an increase Sn the Re 
number per unit length (at a constant M) , increases the angle of flow separation 
and thus decreases the critical spike length. An increase in M with Re constant 
decreases the minimum flow separation angle, thus increasing the critical 
spike length. The same trend was found in earlier work (see [21] and [34]. It 
was proved in other studies thal the standing water zone is f a r  from being a 
stagnation zone. 

Pressure me~surements on the spike surfaces made previously b:r others 
show that maximum pressure is attained in the fl-w reattachment zone. Beyond 
the reattachment point the pressure drops due to flow expansion in the next part 
of the body, and therefore a blunt body with a spike cannot be regarded as  a solid 
cone for the purpose of pressure di~tribution and drag coefficient determination. 

In general, with increasing spike length the drag gradually decreases to a 
minimum at cr i ta .  a1 spike length. Then the drag undergoea a step increase and 
it car, be expectd that it will stay constant for configurations with very high 
L/2rn ratio. The changes in drag produced by changes in spike's length corre- 

spond to the flow pattern changes describ ?d above. 

For short spikes the mixing zone starts from the spike's ttp. For a certain /1g 
spike length (shorter than critical) the mixing zone starts from the spike's - 
shoulder rzlher than from i ts  tip. This happens suddenly, on reaching the 
ce r tah  length. In the present tests, this happened, for example at M = 2.25 and 
Re = 4. lo5 (cmol) for a ratio L/D = 0.5 (see Fig. 10). This explains why for a 
certain L/D a discontinuity is to be expected in the drag coefficient (region A 
in the sketch). 



This happens bemuse the opening angle of the mixing zone gets smaller 
with increasing spike length and the end of the mixing zone meets the shoulder. 
It is evident that for different s?ike tips the transfarmation will conform to the 
bpecific geometry, and therefore this phenomenon can be considered a s  being 
strictly local, without much influence on the general spike effect. 

4.3. Tests at M = 1.5 and M = 2.25 

Many of the present tests were performed for zero ar~gle of attack (see 
Figs. 11 and 12) (see Sec. 4.6). The computed results together with the photo- 
g r a p h ~  have contributed to the understanding of the physics of the problem rt.nd 
assisted in f0rmin.g a quantitative assessment of the drag coefficien~. The drag 
coefficient as a function of L/D, appears in Figs, 1? and 14 for Mach numbers 
1.5 and 2.25 in the range Re = 1.6 x l o 5  - i. 2 x l o 6  cm-I. 



CHAPTER 5 

THE CRITICAL LENGTH AND THE METHOD 
FOR ITS DETERMINATION 

5.1. The Critical Length 

Much was written on the interactions between a boundary layer and a shock 
wave, with most investigators considering two-dimensional flow, but these 
studies are not applicable to flow problems in the spike zone since in them 
boundary-layer thickness is great compared to the spikef s diameter. 

The critical length was found using the Donaldson [34] approach. This work 
deals with a flat plate, and it  was found there that for some Re and boundary- 
layer state, the minimum pressure increases as  a result of shock separation 
of the boundary layer. 

If the separation of the boundary layer from a small-diameter spike is 
approached in a similar manner, it may be claimed that the conical shock wave, 
situated ahead of the separation point, represents a pressure causing the 
boundary layer separation at some [Mach] number and some flow pattern in 
the boundary layer. 

l%e equilibrium can therefore be defined a s  follows : 
The vertex of the separated flow cone is held at the spike's tip at a point deter- 
mined by the pressure field existing ahead of the spike. 

If the spike is lengthened into the zone of the standing water a more slender 
cone is formed. 



A s  the cone becomes more and more slender, the pressure vise across - /2 1 
the shock wave at the spike becomes smaller. At a certain length the pressure 
rise across the shock does not suffice for detaching the flow from the spike 
and the point of sepa~ation jumps from the spike's shoulder to the spike's tody. 

it was expected that the point of separation would continuously move along 
the spike a s  the latter's length increases, but as the separation point moves 
along the spike, the Re at it increases and the boundary layer changes from 
laminar to turbulent. 

Under turbulent conditions a greater pressure rise across the shock is 
needed for separating the boundary layer. For this reason the separation point 
moves jumpwise along the spike and forms, by combining with the mixing zone, 
a standing-water cone with a larger opening angle; another shock wave is then 
formed ahead of t3is cone. 

With reference to the above, the critical length of the spike can be defined 
a s  the length, any increment of which will cause the point of separation to jump 
from the spike's shoulder to some point at body. 

It follows from the experiment and the above reasoning that when the spike is 
of critical length, the drag coefficient of the configuration is minimal, and hence 
further research should concentrate on methods for the determination of the 
critical length. 

5.2, The Method of Determining the Critical Lentzth 

We start with the following assumptions : 

a. Reference is had to a hemispherical o r  some similar shape *. 

b. A very slender spike a/DnO ratio is used. 

*A similar body is one composed of two radii, one of which corre- 
sponds to 9 hamisphere. The detached zone must be tangent to this segment. 



c. In a configuration with a critical-length spike the cone of the standing 
water zone is tangential to the body (this assumption is only geometrically 
correct and is based on Schlieren photographs. Thie assumption cannot be used 
for drag computation). 

d. The angle of the standing water is the solid angle which is defined by 
the conic flow tab1t.s for a given Mach number and Mach angle. In our Mach 
number range (1.5 < M <  2.75) we shall use the correlation given for cones in 
[351: 

tvhe r e 

The dete~mination of the critical length involves the following: 

a. Determination of critical length ($)crit as  a function of M and Ref., 

based on results of the present work and published data. The experimental 
points are  plotted in Fig. 15 and were obtained for a spike-tip angle of 20". 

The family of curves correlating test points is described by the empirical 
formula (Fig. 15). 

2 = (0.0592-0.012 M) Ref 3/19 
9 

4 The fact that the Reynolds n u m k r  has a positive exponent shows - and 
q /23 < - 

0 increase a s  Re increases and L/Dn decreasec. This was in the present 
C 

experiment and was also noted by others. 

b. Having determined the value of - , 0 is determined from assump- 
'4 C 

tion d (using the conic flow tables of Eq. (1)). 

c. On the basis of assumptions a, b and c above, and from the following 
geometrical definitions : 



- Rn = sine 
L+Rn c 

one easily obtains the ratio 

Eqs. (1) and (2) yield the following: 

2 
0 = arc tan[- 

C 
(0.05.92-0.012 M) Ref 0,705 l g  1 1 6 9 ( )  (5) 

Equations (4) and (5) define the solution, and facilitate the determination of 
L if M and Ref a r e  known. 

Since the fact that a/Dn = 0 was accounted for in this derivation, we shall /24 - 
multiply the solution obtained by the correction function to take into account the 
effect of the spike's diameter. The empirical correction obtained from com- 
parison with e-xperimental results is given by (see Fig. 18) : 

This correction is valid up to a / ~ ?  = 0.2. 

Equations (4) and (6) yield the following expression for the critical length: 



where 8 is given by Eqo (5). 
C 

A computer program was prepared for obtaining (L/Dn)crit for a certain 

a/bn and for our range of M and Ref 

The results appear in Figs, 17a through 17e. 

The equations presented up to now are valid for the following conditions: 

1. Ref = 2.5 x 10' - 3.5 x lo6. 

3. Hemispherical or similar nose body. 

4. Slender spike UP to 0.2). 

Table 3 compares the results obtained by different investigators using 
present method. 

TABLE 3. Comparision of Experimental Results with Estimates 

It is evident from the table that the experimental results and those obtained 
by the y e s e n t  method are in satisfactory agreement. 

M 

Author I 
1 

- 1 -62 - _ I _ .  

I L-o ---..2>-. 1 .50 0 .I - O ~ J . O Z X ~ O ~  

I 

1 .C2 

2 003 

1 .51 

1 .25 - 
1 .30 

+ 

1 ,651 
2 .67 

1 .a} 
1 .81 

1 .81 

1 .50 

2 25 

' Meir ( ] R )  I -- 
Staldcr (19) -- 
Ihnt ( 2 2 )  

H u n t  (21) 

.-- Hunt (21) 
Presentwork 

Presentwork 

J 

1 .Br/ 

2000 

1 .50 

1.27 

1.27 

O.Z(j0 

0.200 

0.067 

0.081 

0.081 

3 . 1 5 ~ 1 0 ~  

1 . 1 2 ~ 1 0  
5 

5.2x.10~ 

205x10s 
2.8xlo5 



CHAPTER 6 

FLOW AT NONZERO ANGLE OF ATTACK 

6.1. General 

It has been known for a number of years that a spike at the nose of a blunt 
body is capable of reducing the supersonic drag at zero angle of attack. Only few 
investigators [21, 221 attempted to check whether this holds true also for non- 
zero angles of attack. 

In the present work we wished to establish: 

a. The effect of angle of attack on the drag coefficient. 

b. The effect of angle of attack on the lift coefficient, the [pitching] moment 
coefficient and the center of pressure. 

6.2. The Flow Pattern 

The flow behavior at different angles of attack is described in sketches D, 
E and F. These describe the flow, based on information obtained by Schlieren 
shadow photographs. When the body is at some angle of attack the flow ceases 
to be rjymmetrical. Sketches D and E show that a change of a few degrees affects 
seriously the flow pattern. 

The angle betw~en the detached bovndary layer and the free flow direction 
remains constant. Thsrefore the detached flow cone that starts from the spike 
stays in the direction of the flow. Due to this the portion sheltered by the cone 

/27 - 
decreases progre;&vely with increasing in angle of attack and it is seen from 
graphs (Figs. 18 and 19) that at angle of attack of 15* hslf of the hemisphere 
remains unshielded. 

When the spike is longer than critical (sketch F) the turbulent lift line change& 
the conic flow pattern which makes it necessary to treat this subject separately. 



Sketch D 

SHORT SPlKE 

Shock - waves / I  

Separation from 
spike's shoulder 

\ 
Sketch E 

SPIKE SOME WHAT SHORTER THAN CRITICAL 



Shock waves l 

Sketch F '\\ \ 
\' Y 

VERY LONG SPIKE 

6.3. Experiments at M = 1.5 and M = 2.25 

6.3.1. The Dras 

It was established in our experiments that the rise irl drag disappears at an 
angle of attack of 15", Figures 20 and 2 1  compare data for blunt as compared 
with spiked bodies for two Mach rumbers. * 

6.3.2. The Lift and the Pitching Moment 

For these a slight increase was.apparent with spiked configurations as 
compared with blunt bodies. In Figs. 22 - 25 the lift and the pitching momett 
coefficients appear as a function of angle of attack for spiked configurations and 
for blunt bodies. This increase is evident at both Mach numbers. 

6.3.3. Center of Pressure 

Computations of the center of pressure show that its loctxtion did not shift 
in spiked configurations as compared with blunt nosed bodies. In Figs. 26 and 
27 x /b appears as a function of angle of attach a. The chalge in the center 

CP 
of pressure is almost linear with (Y. 

-- 

*A jump in drag was not found for nonzero angles of attack. For different 
spike lengths the decrease in resistance caused by the spike disappears with an 
increase in the angle of attack, because the detached zone no longer shields the 
hemisphere, and because the ratio of the drag on the hemisphere to the drag on 
the entire body is small. 



CHAPTER 7 

CRITERL4 FOR THE USE OF SPIKES 

We now consider the conditions under which it is advantageous to use a 
spike. We consider the problem in two distinct parts: 

a. Mach number range and [blunt body] geometry. 

b. Range of angles of attack. 

7.1. Range of Mach Numbers and [Blunt Bodvl Geometrv 

The principle of the spike's operation consists in replacing the detached 
wave by system of conic waves, as illustrated by the following sketch: 

l%e fea~libility of using a spike is now determined by examining Fig. 1, 
where ths drag curves for blunt bodies are plotted. Let us choose as an example 
the curve with l f / ~  = 1.5 and construct a new graph contalning drag curves of 
cones with different vertex angles (see Fig. 28). It is evident from this figure 
that the curves of drag coefficient as a function of the free-flow Mach number 
exhibit different behavior for cones and blunt bodies. The drag of blunt bodies 
increases with increasing Mach number whereas the drag of the cones decreases. 
This means that under certain conditions the system of the conical wave system 
is llstrongerv than the detached shock. 

The drag coefficient of turbulent configurations is similar to that of the 
blunt configurations. 



Hence the expedience of using a spike is determined by: 

a. The geometry nose body. 

be The Mach number. 

Spiking offers the greatest advantages in very blunt configurations and at 
high Mach numbers. 

7.2, The Drag as a Function of the Flow Pattern 

in the Separated Boundary Layer 

Let us consider now the experiments at Mach numbers 1,5 and 2,25 with 
configurations having lf/R = 1.5. 

At this Mach number the conical wave system is "stronger" than the original 
shock itself, and therefore no appreciable drag reduction is obtained with a spike, 
a s  explained above. 

At this Mach number one gets a "classic" graph (see sketch G), which shows 
that there exists an optimal configuration, fc>r which the resistance coefficient is 
minimal. 

I 
I I 

I Longer than I 
I shdrter j 
I than , optimal spikes I 
t \ , optimal , 'I 

Let us see how departure from the optimal. configuration increases the - /31 
drag: 

a, If a shorter-than-optimal spike is chosen: the angle of standing water 
becomes ' arger, which increases the drag coefficient. 



b. Wfth a larger-than-optimal spike the separation becomes turbulent, 
and again the angle of standing water becomes larger and the drag will increase 
with it, but in both caaes the drag is less than its corresponding value for a - 
blunt body without a spike. 

The graph may be subdivided into four regions: 

Region 1. : Region of constant CD corresponding to the value of coefficient 

of a blunt configuration. The boundary of this region is the instant when the 
spike comes into contact with the detached shcck with the attendant radical 
change in the flow pattern [93 gives the distance from the detached shock to the 
blunt nose body as function of Mach number. It is svident that this region is 
larger for smaller Mach numbers. 

Re 'on 2. : In this region the drag coefficient is variable (it usually de- + creases, ut for certain configurations and at low Mach numbers i t  is liable to 
increase). At the points we have examined, a decreasr? was evident. This de- 
crease is due to an increase in the fineness ratio of the standing-water zone. 

Region 3. : Shifling of the separation point of the boundary layer from the 
spike tip to i ts  shoulder, is accompanied by a sharp r ise  in drag. Subsequently 
it decreases continuously (it is assumed that the boundary layer is laminar) 
until an optimal L/D is reached for a c e r t a i ~  combination of M and Re, Elonga- 
ting the spike beyond the critical value will cause a jump in the drag a s  described 
in the sketch. 

Re on 4. : In this region the drag coefficient increases due to transition 
-Y%- from a nar to turbulent flow in the mtxing 1.ayer. The boundary layer is 

separating from spike body. The flow pattern remains unchanged and there is 
nc change in the drag coefficient. 

7.3. Range of Avles of Attack 

The purpose of spiking was to lessen the drag of blunt configurations. To 
the extent that these c~nfigurations a re  designed for high maneuverability in- 
cluding situations of very large angles of attack, there is no advant~ge in equip- 
ping them with spikes. 

It was established in the present work and in former studies that the drag 
reduction obtained at zero angle of attack disappears at angle of attack of 15'. 
This explains why the use of spikes is limited to certain craft, 



CHAPTER 6 

CONCLUSIONS 

a. The drag of blunt bodies can be reduced by the equipping of their noses 
with a spike. 'The boundary layer separates upstream of the hemisphere and 
produces a conical flow pattc rn which shields the body. 

b. The ratio of spike's length to the hemisphere radius is the important 
parameter determining the reduction in drag. For the configum.tions used in 
the present wcrk, the cirag is at minimum when the spike length is at maximum, 
i. e., that for which the flow is still separating from the spike's shoulder*. 

The reeults below were checked in the range: 

2 x  lo5 < Ref < 3 x  lo6 

1.5 < M < 2.75 

1. When the flow is laminar and separating from spike's shculder, the 
minimuni separation ailgle is incrzasing with an increasing Re, This decreases 
the width of the detached cone, and with attendant reduction in the critical spike 
length. 

2. The c~ l t i ca l  length increases with the increase in the ratio a/2rn. 

3. 'i.'he drag rea~otion obtained at zero angle of attack becomes smaller 
with an increaae in the latter angle until it disappears at an angle of approxi- 
mately I S e .  

4. The stability of the blunt body does not "deteriorate" with the installment 
of a spike. In most cases there is some improvement. 

'Reference [22J did not consider tht!se regions and, since the spikes us& 
were relatively long (L/D = 2-3), i t  conclude~l that the drag coefficient aecreases 
with an increase in spike's length, which is incorrect. 



5. The critical length of a spike for certain conditions can be estimated /34 - 
from the following semi-empirical formula : 

where : 

6. For moderately blunt bodies (less than hemispherical) and at low super- 
sonic Mach numbers, consideration should be given to the possibility that re- 
placing the detached shock by a conical waves system may increase the drag, i.e., 
the drag coefficient under such conditions is greater than the coefficient of the 
blunt body. 

7. If the boundary layer becomes turbulent before it reaches the spike's 
shoulder, then the s~parated-flow angle can be expected to become larger than 
in laminar flow. Therefore the drag will become greater and the critical length 
will be shorter. 

Varia~ions in Re will not greatly affect the separation angle, and when the 
critical spike i~ngth  is passed there will be almost no change (or a very slight 
change) in the incregse in drag. 
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